Context. Feral pigs represent a significant threat to agriculture and ecosystems and are disease reservoirs for pathogens affecting humans, livestock and other wildlife. Information on the behavioural ecology of feral pigs might increase the efficiency and effectiveness of management strategies.
Introduction
Feral pigs (Sus scrofa) are currently the most abundant exotic wild ungulate in the United States and are a significant pest in many countries worldwide (Bieber and Ruf 2005) . Feral pigs are the descendants of escaped domestic swine, Eurasian wild boar, and their hybrids (Sweeney et al. 2003) . Feral populations have been present in the United States for more than four centuries; however, the number and distribution of feral pigs has increased dramatically in recent decades. Population surveys conducted in the United States during 1981 and 1988 indicated that feral pigs occurred in 18 south-eastern states and California (Mayer and Brisbin 1991) . By 1990, feral pigs were present in at least 23 states (Miller 1993; Taylor 1993; Stevens 1996; Gipson et al. 1998) . The most recent survey reports feral pigs occurring in 28 states, spanning the United States from California to Virginia, with isolated populations further north (Southeastern Cooperative Wildlife Disease Study 2009) . Recent estimates of the total population in the United States are up to 4 million individuals (Nettles 1997; Pimentel et al. 2005) , with as many as 2 million occurring in Texas (Mapston 2004) .
Feral pigs compete for resources with native wildlife (Gipson et al. 1998) , and predate on domestic livestock and ungulate game species (Dickson et al. 2001) . Feral pigs represent a significant threat to natural ecosystems (Adams et al. 2005) , and are disease reservoirs for a variety of zoonotic pathogens (Dickson et al. 2001; Sweeney et al. 2003) . As feral-pig populations continue to expand, their management may become increasingly critical for the conservation of ecosystems, economies and the health of wildlife, livestock and humans (Pimentel et al. 2005) . Eradication of feral pigs from most of the United States is unlikely because of their broad geographic distribution and high reproductive potential (Taylor et al. 1998) . Current management involves a combination of lethal and non-lethal methods (e.g. fencing or exclusion) to temporarily control feral pigs, thus alleviating seasonal damage (Kammermeyer et al. 2003) . Clearly, there is a need for improving efficiency and effectiveness of management.
The behaviour and life-history traits of invasive species often contribute to the competitive ability of invasives when introduced into novel environments. Thus, management programs that incorporate ecological characteristics of the invasive species may be more efficient and cost-effective. To this end, Witmer et al. (2003) proposed empirical and model-based studies of fertility control and feral-pig ecology and behaviour as related to disease transmission as priorities for research and management of feral pigs in the United States. Aspects of feral-pig mating behaviour have clear implications for disease transmission and assessing the efficacy of population-control methods. There have been few studies of feral-pig mating behaviour because of the pigs' secretive nature and preference for dense habitats (Taylor et al. 1998; Hampton et al. 2004a) .
Studies based on visual observation suggest that feral pigs may be promiscuous (Barrett 1978) , and the reproductive anatomy of male feral pigs (large testicles relative to body size) suggests adaptation to sperm competition and multiple mating (Kenagy and Trombulak 1986) . Recently, the availability of variable genetic markers (Fleischer 1996) and improved analysis methods (e.g. Marshall et al. 1998; Jones and Ardren 2003; De Woody 2005) has enabled increasingly detailed studies of parentage and relationships among individuals. However, studies of genetic parentage in wild pigs have produced conflicting results, suggesting that feral-pig mating behaviour may vary among populations because of habitat, demography or other factors (Hampton et al. 2004a; Delgado et al. 2008) .
The objective of the present study was to provide information on the mating behaviour of feral pigs in southern Texas, a semiarid region containing a high density of feral pigs where landowners and producers experience significant annual loss because of feralpig damage. Specific objectives were to (1) quantify the frequency of multiple paternity (siring of litters by >1 male) in feral pigs, (2) quantify the putative number of offspring sired per male and (3) assess synchrony of oestrous in feral pigs. This information will reveal the extent of promiscuity as well as the ability of males to monopolise oestrous females.
Materials and methods

Sample collection
We sampled feral pigs at sites representing seven counties in southern Texas (Cameron, McMullen, Dimmit, Brooks, Hidalgo, San Patricio and Kleberg), and two counties in central Texas (Kerr and Coryell) during 2005-07 (Fig. 1) . Feral pigs were trapped, harvested or removed by aerial and ground shooting as part of damage-control management activities and sport hunting. Most samples within counties were collected at one or a few geographically proximate sites. We designated samples by county to preserve the anonymity of private land stewards who allowed access for trapping and harvesting. Previous research in southern Texas indicated seasonal peaks in reproduction, where pregnant sows were found during January-March and June-July (Taylor et al. 1998) . We sampled as opportunities arose, but attempted to focus collections during these months whenever possible, to increase our chances of detecting litters with visible fetuses. We collected muscle-tissue biopsies from all individuals; we necropsied all females and removed embryos if present. We placed biopsies in individual sterile plastic bags and stored them at À20 C.
DNA extraction and amplification
We extracted DNA from the tissue samples with a commercial kit (Qiagen DNeasy, Qiagen Genomics, Bothell, Washington, USA). We used 12 fluorescent-tagged polymorphic DNA microsatellite markers from Set XI (the diversity panel), developed by the United States Pig Genome Coordination Program (http://www.animalgenome.org/pigs/, accessed 21 June 2005), to genotype the samples, following Hampton et al. (2004b) . The diversity-panel loci amplify well, with no indication of null alleles and the chromosome positions are known, facilitating an index of genome-wide genetic diversity without physical linkage. We loaded samples into an ABI 3130 automated DNA sequencer (Applied Biosystems, Foster City, California, USA) for separation and detection. We binned and assigned alleles and constructed multilocus genotypes by using the computer software GeneMapper (Applied Biosystems). We used a strict allele-calling protocol, where an individual was re-typed for a locus if alleles amplified weakly; we made no size-calls if an allele peak appeared with a fluorescencesignal intensity <100 as estimated by GeneMapper. We also re-typed 30% of individuals to assess the accuracy of typing.
Data analysis
Microsatellite alleles are inherited in Mendelian fashion (e.g. one from each parent). Thus, if the maternal genotype is known, one can identify paternal alleles in a litter of more than two offspring. Any litter with more than two paternal alleles at a locus is a candidate for multiple paternity (Fig. 2) . We defined multiplysired litters according to the following criteria: (1) all fetal genotypes contained at least one maternal allele that was consistent within the litter; (2) the paternal alleles could not be accounted for by one sire because of violation of Mendelian inheritance; and (3) the litter had more than two paternal alleles at two or more loci.
Our sampling precluded many standard paternity analyses (e.g. Marshall et al. 1998; De Woody 2005) because the sample of potential sires was incomplete and it is difficult to estimate critical parameters needed for parentage simulations, such as the number of sires and the proportion of putative parents sampled. However, the inclusion of known dams allowed us to identify and analyse the paternal alleles. This approach allows inferences about the distribution of male reproductive success without requiring sampling all of the males. We used a Monte Carlo randomisation algorithm (DadShare, Hoffman et al. 2003 ; available from www.zoo.cam.ac.uk/zoostaff/amos, accessed 14 October 2009), to estimate the average sibship size that best explained the empirical data. The algorithm first identifies paternal alleles for each offspring in each litter, then calculates a matrix of pairwise paternal relatedness between the offspring samples on the basis of Queller and Goodnight's (1989) relatedness estimator. The matrix is then reduced to a dendrogram by using the unweighted pair-group method with arithmetic averages (UPGMA; Sneath and Sokal 1973) algorithm, assuming that close relatives will cluster at the nodes of the dendrogram. Finally, the algorithm simulates expected results over a range of sires and a range of offspring produced by each sire, by using Monte Carlo randomisations and the empirical estimates of allele frequencies. Specifically, for n offspring, the program conducts 10 different simulation scenarios, one each for 1-5, n/5, n/4, n /3, n/2, and n sires, where each sire produces n, n/2, n/3, n/4, n/5, and 1-5 offspring. Each of the 10 scenarios is repeated 10 times and the mean and s.d. of relatedness values are output for comparison to the empirical data. We used the DadShare algorithm to analyse sibship data from collection sites in Kleberg, San Patricio, and McMullen counties, where the sample size of litters was sufficient for inference. We used empirical values based on all adults collected at each site to ensure a reasonable estimate of allele frequencies for the DadShare analysis.
We assessed oestrous synchrony at each sampling site where multiple sows were collected. We measured crown-rump length of fetuses (Mayer and Brisbin 1991) and estimated fetal ages (days since conception) after Odlaug (1965) , assuming a 115-day gestation. We used only samples taken during a discrete season or calendar year at a site to assess synchrony. The range of conception dates at each site provides an index of oestrous synchrony, which may affect the ability of dominant males to monopolise access to oestrous females.
Results
We collected 64 pregnant sows and 345 fetuses. Mean litter size was 5.4 (range = 2-11). The microsatellite markers were polymorphic in Texas feral pigs. We observed 100 total alleles; mean number of alleles per locus was 8.3, and an expected heterozygosity (H e ) 0.70 (Table 1) . We found evidence of multiple paternity in 21 of 64 litters (33%) and at seven of nine sites; the other two sites had two or fewer litters (Table 2) . Mean litter size for litters with more than one sire and for single-sire litters was 5.8 and 4.4, respectively. The number of litters sampled limited our ability to generate site-specific estimates of multiple paternity. Two sites with a reasonable sample size displayed similar rates of multiple paternity; McMullen (n = 16) and San Patricio (n = 18) counties had 38% and 39% occurrence, respectively (Table 1 ).
The analysis of paternal alleles confirmed the multiplepaternity results. We estimated that males in Kleberg County sired about eight fetuses in the sampled population, and 11 and 7 in San Patricio and McMullen County populations, respectively (Fig. 3) . Mean litter sizes were 6.5, 5.1 and 5.5 in Kleberg, San Patricio and McMullen, respectively; all were less than the best-fit value for the number of offspring per sire. Therefore, the simulation results indicated that some males sired offspring with at least two females (Fig. 3) .
The in utero sex ratio (M : F) was 159 : 186 for all litters. Fetuses ranged from 9.2 to 22.1 cm in length. We obtained fetallength measurements at four sites, enabling an assessment of oestrous synchrony. Sows collected at two sites displayed nonconcurrent oestrous, with litters conceived over a period of 55 and 79 days, respectively, in McMullen and Kleberg counties. In contrast, sows collected in San Patricio displayed a bimodal pattern, with oestrous cycles twice a year (spanning 11 days for the first mode and 7 days for the second). Sows in Dimmit County had a relatively synchronous oestrous, spanning 25 days.
Discussion
Multiple paternity appears common and widespread among feral pigs in southern Texas, and occurred in about one-third of litters sampled ( Table 2) . As not all matings result in conception, our estimates of the rate of multiple mating are likely conservative. Our findings confirm previous anecdotal observations of several feral-pig males breeding with the same female during one oestrus cycle (Barrett 1978) , resulting in multiple-sired litters in some populations of feral pigs. The high number of litters sired by more than one male and the number of sire contributions to each litter confirm a highly promiscuous system in feral pigs. In contrast, recent genetic-based studies found low rates of multiple mating in European wild boar, which the authors attributed to mateguarding behaviour (Delgado et al. 2008) and to the removal of individuals during hunting (Poteaux et al. 2009 ). Hampton et al. (2004a) found no evidence of multiple mating in south-western Australia; however, these authors cited unpublished data (P. B. S. Spencer and J. O. Hampton, unpubl. data) that reported promiscuous mating in semiarid habitats.
Estimates of oestrous synchrony suggest that some Texas populations were highly asynchronous. Studies of mammalian mating behaviour indicate that oestrous asynchrony can increase the advantages of mate-guarding as a male tactic, which skews male reproductive success to a small number of dominant males (Ims 1989; Say et al. 2001) . However, we found evidence of multiple paternity at sites where matings were both asynchronous and synchronous. Our assessments of oestrous synchrony clearly rely on the assumption that our sample was representative of conceptions in the local area. We sampled 8-18 litters at each site and have no reason to suppose that the samples represent a biased view of oestrous synchrony. If our assessment of oestrous synchrony is correct, promiscuous mating is common under a range of conditions and may not solely be driven by the ability of males to monopolise females.
The factors conducive to multiple mating in Texas feral pigs are not clear. Multiple mating may result from male-male competition, harassment avoidance, or potential genetic benefits for the offspring (Carranza and Valencia 1999; Jennions and Petrie 2000; Chapman 2006) . It is also possible that behaviour differs among populations of feral pigs as a response to local forage or demographic conditions. South Texas is an arid environment, with seasonal peaks in availability of foods and water, conditions that may be conducive to increased rates of movement, home-range size and reproduction (e.g. Hampton et al. 2004a ). We were not able to directly address the effects of habitat or weather on physical condition and reproduction. Differences in synchrony or timing of oestrous among sites may reflect local differences in rainfall. Nevertheless, we are addressing putative behavioural responses to synchrony of oestrous and not the causal factors of synchrony.
Hunting mortality apparently influenced multiple mating in a European boar population through high turnover of adults (Poteaux et al. 2009 ). It is difficult to make conclusive statements about the effects of hunting in southern Texas. This is because movements and home range, and thus the neighbourhood size of the local population, are often greater than the hunted or managed areas (Delgado-Acevedo 2010) . Therefore, even intense local hunting pressure may not affect all individuals. Finally, feral pigs may simply exhibit different behaviours than wild boar. For instance, invasive species may evolve rapidly in new environments, displaying changes in size, shape, and (in the case of plants) phenology (Johnston and Selander 1964; Harlan 1965; De Wet and Harlan 1975; Easteal 1985) . Texas feral pigs have a high proportion of domestic-pig ancestry (R. W. DeYoung, unpubl. data), and it is possible that the domestication process resulted in a selection for behaviours not observed in wild boar.
In addition to feral pigs, multiple paternity has been documented in at least three other species of ungulates, whitetailed deer (Odocoileus virginianus) (DeYoung et al. 2002; Sorin 2004) , pronghorn antelope (Antilocapra americana) (Carling et al. 2003) and Soay sheep (Ovis aries) (Pemberton et al. 1999) . Each species exhibits differing mating systems, mating strategies, and adaptation to male-male competition (e.g. sperm competition ; Reynolds 1996 ), yet similar rates of multiple mating have been reported. For example, Soay sheep are promiscuous and their anatomy suggests adaptations to sperm competition, whereas pronghorn and white-tailed deer are regarded as dominance-based breeders. Until mating behaviour in additional species and populations of ungulates is characterised, it will be difficult to pinpoint why different behaviours, demographic factors and life-history strategies result in similar patterns of mating.
Irrespective of the causal factors, our detection of high rates of multiple mating has important implications for models of disease transmission, where failure to consider animal behaviour may result in inaccurate conclusions. Predictions of disease transmission for non-vector-borne diseases are most reliable when informed by detailed data on contact rates among individuals and populations (Alitzer et al. 2003) . However, estimates of contact rates among individuals remain problematic because contact between animals is difficult to observe in the wild (Dexter 2003) . This is particularly true for rates of cryptic or infrequent contact, such as sexual contact, among individuals in wild populations. For example, the validity of modelling efforts aimed at predicting the spread of chronic wasting disease in cervids has been criticised because transmission modes and rates of contact among individuals are poorly known (Schauber and Woolf 2003) . Similarly, control of bovine tuberculosis in Britain has been difficult because of unexpected changes in the social behaviour of the badger (Meles meles) in response to culling (Macdonald et al. 2008) . Feral pigs are capable of breeding year around (Taylor et al. 1998) and may produce two litters every 18 months. Therefore, contact rates among solitary males and female groups (Ilse and Hellgren 1995; Gabor et al. 1999) are much greater than if one assumes a single sire per litter. A high incidence of sexual contact among individuals may increase the opportunity for diseases transmitted by oral or venereal routes, such as swine brucellosis (Godfroid 2002) , and pseudorabies (Romero et al. 2001) , with implications for human and livestock health.
A high occurrence of multiple mating also has important implications for the development of new management strategies, such as fertility control. Fertility-control strategies in feral pigs include immunocastration (Meloen et al. 1994; Fagerstone et al. 2006; Miller et al. 2006 ) and development of baits for delivery of pharmaceuticals (Campbell et al. 2006; Campbell and Long 2007) . Our data suggest that fertilitycontrol methods targeting males only are likely to be inefficient if female promiscuity is high; methods targeting females or both sexes jointly may be more effective.
